Super ferritic steels belong to a family of steels with Cr content greater than 25% and which also have Mo in their compositions. They were first developed for use in heat exchangers and marine environments. The increase in Mo content in austenitic stainless steels increases the corrosion resistance in mediums that are rich in naphthenic acid or other sulphur complexes. This present work is part of a study for adapting the composition of commercial super ferritic steels by increasing Mo content in the alloy so they can be used in petroleum plants that refine petroleum oils rich in sulphur compounds. We studied the precipitation of phases for experimental compositions of Fe-25Cr-XMo-YNi (X = 5% and 7%; Y = 2% and 4%) with Nb and Ti added. Calculations from the computational program Thermo-Calc were used for the simulation of the phase diagrams and the weight fraction of the phases present. The results from the experimental compositions were compared with those obtained for commercial UNS S44660 super ferritic stainless steel. The stability temperature of the ferritic phase was determined and the possible intermetallic phases were identified in accordance with the temperature variation and chemical composition. CN). The presence of these phases can result in embrittlement with a loss of corrosion resistance at elevated temperatures, and also reduced toughness [6] [7] [8] [9] . In previous studies, the performance of AISI 444 ferritic steel was compared with AISI 316L austenitic steel for use in distillation towers. It was found that the AISI 444 had inferior corrosion resistance, but cost less compared to the AISI 316L steel [10] . The composition of AISI 444 steel was modified with 
Introduction
Ferritic stainless steels are widely used in general industry because they have good mechanical properties and good corrosion resistance [1] . Studies have been published about the effect that increased Mo content has on the resistance to naphthenic corrosion that results from the processing of heavy crude oil [2] [3] [4] [5] . The presence of Mo, however, causes the precipitation of intermetallic phases such as the Sigma the addition of Cr and Mo, and aspects like corrosion resistance, mechanical properties, and formation of the ␣ ′ phase were studied [11] . The effects of the increase in Cr and Mo on the microstructure and weldability of ferritic steels were also researched. It was observed that an improvement in naphthenic corrosion resistance was accompanied by a loss of toughness [8, 12] . Through the addition of Ni, this new proposal aims to improve the toughness without decreasing the naphthenic corrosion resistance. The increase in Ni leads to an increase in Cr content in order to maintain the ferritic matrix.
In the search for steels that have better mechanical and metallurgical properties and which can be used efficiently and at a lower cost, super ferritic stainless steels -also known as high performance ferritic stainless steels -are an alternative [13] . The increase in the performance of ferritic stainless steels is achieved with levels of Cr above 25% and Mo additions that improve corrosion resistance in various media. The low levels of C and N improve the ductility, weldability and corrosion resistance, and allow the addition of Ni to improve the toughness. Also, the addition of stabilizing elements such as Nb and Ti hinder the formation of carbides and nitrides and act in the grain refinement [7, 13] . These alloys can be used in many corrosive environments, for example, in chemical industries, petroleum refineries, petrochemical industries, food and paper industries, in heat condensers for seawater, and other marine applications [14] .
High performance stainless steels are commonly used in environments where chlorides, low pH, or high microbiological activity are present. Elements such as Cr, Mo, and N are known to promote resistance to pitting corrosion in the presence of chlorides [4, 15] . It is interesting to note that Ni, which is very common as an alloy element in stainless steels, has little or no effect on resistance to this type of corrosion [15] . Pitting corrosion is highly localized, causes the formation of small holes or points on the surface of the component, has a high propagation rate, and can be completely destructive in terms of useful life of the component [16] . The pitting resistance equivalent (PRE) for stainless steels is often expressed in terms of Eq. (1), developed by Rockel in 1978 and tested by the ASTM G 48-99 [15] .
Good performance in the development of stainless steel depends on a delicate balance between the chemical composition, processing, and type of use, and also the thermodynamic calculation which has become an important approximation tool for understanding the properties of the materials and the processes, benefiting the development of new steels in particular [17] . The use of computational thermodynamics in the commercial computational analysis software Thermo-Calc, together with its databases built according to the CALPHAD protocol which consists of expressing Gibbs' free energy from multicomponent systems through algebraic equations as a function of the pressure, temperature, and chemical composition, allows the phase equilibrium and metastable equilibrium to be calculated, phase diagrams to be constructed, and thermodynamic data to be critically evaluated. It is possible to refine the equation parameters by means of experimental information to predict the properties of ternary, quaternary, and higher order systems with a high degree of accuracy [18, 19] . The objectives of this work are: to study experimental compositions of stainless steels through computational thermodynamics for the purpose of developing high performance ferritic stainless steel alloys; to determine the appropriate thermal processing steps; and to verify the precipitation of intermetallic phases with respect to the variation of chemical composition and temperature. The results obtained with the experimental compositions are compared with the composition of a commercial stainless steel.
Materials and methods
Several compositions of ferritic stainless steel with varying percentages of molybdenum and nickel, and addition of niobium and titanium were evaluated. The levels of carbon and nitrogen remained low. Table 1 shows the compositions investigated and the composition of the commercial UNS S44660 super ferritic stainless steel [15, 20] . The PRE value was calculated using Eq. (1) and the PRE value for each alloy studied is also available in Table 1 .
Using the Thermo-Calc software and the TCFE6 database, the phase diagrams of the proposed compositions were constructed as a function of the variation of the Ni percentage. Also, the weight fraction diagram of each phase was constructed as a function of temperature. The results of the experimental systems were compared with the commercial steel diagrams.
Results
The phase diagrams for the experimental alloys and the commercial alloy were constructed in accordance with the chemical composition shown in Table 1 . Fig. 1 shows the isopleth of the phase equilibrium diagram for the experimental alloys with a Mo content of 5% (the Ni composition versus temperature varies). The Mo content was then set at 7% to obtain the diagram in Fig. 2 . The influence of the Ni and Mo levels can be assessed during the formation of the phases present for temperatures between 400 • C and 1600 • C. The isopleth of the UNS S44660 steel is shown in Fig. 3 .I t can be compared with the diagrams of Figs. 1 and 2. These diagrams identify all the possible precipitated phases for a particular composition, without quantifying them.
Quantitative identification of the phases can be assessed by analyzing the graphs of the percentage by weight of each phase as a function of the temperature. The graphs are constructed for each experimental composition and also for the commercial steel. The temperature range at which precipitation occurs for each intermetallic phase can also be observed. Fig. 4(a and b) compares the influence of varying the molybdenum and nickel percentage in the precipitation of the Chi and Mu phases. The graphs were constructed from data calculated by Thermo-Calc. Fig. 5(a and b) shows the precipitation of the Sigma phase as a function of the chemical composition. Fig. 6 shows the intermetallic phases precipitated in the commercial alloy.
For the two proposed compositions with nickel content of 4%, stabilization of the CFC phase (face-centered cubic) was observed. The temperature range and the weight fraction of this phase can be seen in Fig. 7 .
The approximate solution annealing temperature for each alloy can be estimated by constructing diagrams of weight fraction as a function of temperature -one of these diagrams is shown in Fig. 8 and the solution annealing temperature values for each of the alloys are summarized in Table 2 .
Discussion
In relation to the chemical composition of the experimental alloys shown in Table 1 , it can be seen that the increase in Mo content significantly increased the PRE value when compared to the S44660 steel. The high Mo content favors steel passivation by limiting the pitting and naphthenic corrosion [3, 4] . The precipitation of sigma (), Mu (), and Chi () intermetallic phases is thermodynamically favorable for all the compositions studied ( Figs. 1 and 2 ) and also for the commercial UNS S44660 steel (Fig. 3) . These phases are diffusional and generally precipitate slowly. The intermetallic phases are characterized as being hard and brittle. The precipitation of these deleterious phases may weaken the steels at certain temperature ranges [6] [7] [8] [9] . The formation of these phases can be prevented through heat treatment or high cooling rates after welding [7, 9, 13] . It can be seen that for temperatures between 600 • C and 1000 • C, precipitation of the CFC phase can occur for Ni content greater than 2% (Figs. 1-3) . Fig. 4(a and b) shows the weight fraction diagrams of the and phases as a function of temperature and variation of the chemical composition. The phase (Fig. 4a) precipitates in the temperature range between 450 • C and 950 • C in all the experimental alloys, with a maximum percentage by weight of 42% for the 7Mo-4Ni alloy at 600 • C. The elevation of the Mo content from 5% to 7% causes an increase of 20% in the percentage by weight for phase , while the increase of Ni content from 2% to 4% causes an increase of only 5% in this phase. Moreover, the dissolution temperature of this phase is higher for the alloys with higher Mo content. The phase (Fig. 4b) can be seen at temperatures below 410 • C for all the compositions studied. The percentage of the phase increases with an increase in Mo content and a reduction in Ni content. The highest percentage by weight for the phase occurs for the 7Mo-2Ni alloy with approximately 11% at a temperature of 400 • C. The and phases are favored by the presence of molybdenum. The kinetics of the phases is related to the temperature and exposure time [9] . The amount of the sigma phase precipitated (Fig. 5) shows that the dissolution temperature of the phase increases from 1000 • C to 1100 • C with an increase in the Mo content from 5% to 7%, but variation of the Ni content does not influence the precipitation temperature of this phase. The amount of the phase precipitated increases with the increase in Mo and Ni content, reaching a maximum of 60% of the phase for the 7Mo-4Ni alloy at a temperature of 900 • C.
For the commercial steel (Fig. 6) , the precipitated intermetallic phases are and , in the same temperature range as for the experimental alloys with 5% Mo. The weight fraction of the phase is approximately 8% at 400 • C and the phase attains a maximum of 52% at approximately 700 • C. Precipitation of phase does not occur in the UNS S44660 steel, probably due to the lower Mo content in these steels. The CFC phase that appears as thermodynamically favorable in the phase diagram (Fig. 3) shows a percentage of less than 1% when analyzing the weight fraction. Thus, the and CFC phases are identified in the isopleth of the phase diagram, as well as the Laves phase and some nitrides, but they do not appear in considerable quantity in the weight fraction phase in the alloys with lower Mo content. It can cause the formation of martensite during the rapid cooling for temperatures between 600 • C and 1000 • C, which can be resolved by a heat treatment for solubilization. Associating the composition with the heat treatment for solution annealing that is suitable for the alloys with water cooling can prevent the formation of deleterious or unwanted phases [7, 13] . The solution annealing temperature of the ferritic matrix can be determined from graphs of the weight fraction as a function of temperature (Fig. 8) . The increase in Mo content increases the solution annealing temperature of the experimental alloys, but the Ni content exerts no influence. The alloys with 5% Mo solubilize at 1040 • C, while for the alloys with 7% Mo this temperature increases to 1150 • C. For the UNS S44660 steel, the solution annealing temperature is 1000 • C. High solution annealing temperatures not only promote homogeneity of the microstructure, but also favor growth of the grain of the matrix. A microstructural study of the alloys is necessary.
More detailed studies on the precipitation kinetics of the intermetallic phases and formation of the CFC phase are planned for future research. Ingots have already been melted with the four compositions that were thermodynamically analyzed and this will be the subject of studies to compare the experimental data with those calculated using Thermo-Calc.
Conclusions
1. All the experimental alloys showed PRE values higher than the commercial alloy. 2. The increase in Mo content caused the appearance of the intermetallic Chi () phase and increased the percentage of the and sigma phase. 3. With the increase in Ni content there was a reduction in the percentage of the phase, but the and phases increased. 4. The alloys with 4% Ni content have between 30% and 50% weight fraction for the CFC phase between 600 • C and 1000 • C. The optimal operating temperature should be maintained below 600 • C to avoid CFC precipitation. 5. The solution annealing temperature increases with the increase in Mo content, but it is not influenced by varying the Ni content. 6. Kinetic study of phase transformation is necessary for better understanding of these alloys.
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